Introductionseveral genetic types. The most abundant genetic type is represented by mesothermal or orogenic gold deposits (Yakubchuk et al., 2002) . The largest ore fields, including Muruntau and Kumtor, are hosted by Late Proterozoic-early Paleozoic carbonaceous phyllites and black shales (Yermolaev et al., 1995) .
The tectonic setting of the gold deposits and their temporal relationship to Hercynian events in the region are rather poorly constrained. Most of the deposits are closely (within a few kilometers) associated with Hercynian granitoid intrusions but in most cases (e.g., Muruntau; Wilde et al., 2001) they have no direct genetic link to a particular intrusion. In the past decade a number of Ar-Ar, Sm-Nd, and Rb-Sr ages were reported for the deposits in the western Tien Shan, including Muruntau, Daugyztau, Amantaitau, Zarmitan, Jilau, Taror, and Chore (Kostitsyn, 1996; Cole et al., 2000; Graupner et al., 2001; Kempe et al., 2001; Wilde et al., 2001) . These data suggest a temporal relationship between the largest gold deposits of the Tien Shan and voluminous postcollisional magmatism, which culminated at ca. 280 Ma (see Kostitsyn, 1996 , and references therein for Muruntau).
Here we report Ar-Ar ages of the Kumtor gold deposit in the eastern Tien Shan and discuss its temporal and genetic relationships to postcollisional granites. We also present a U-Pb ion microprobe zircon age of the major Hercynian postcollisional granitoid intrusion of the region, about 80 km southeast of Kumtor. Geochronological data on the giant Muruntaustyle gold deposits are also discussed. Although the Muruntau deposit is situated some 1,500 km to the west of Kumtor, we use this example because the Muruntau area is the only deposit in the whole Tien Shan for which precise and reliable geochronological data have been published.
Geological Setting

Regional tectonic framework
The eastern Tien Shan in Kyrgyzstan is composed of three major structural units or terranes (Zonenshain et al., 1990 ; Fig. 1 ): (1) the northern Tien Shan, the deformed margin of the Paleo-Kazakhstan continent; (2) the middle Tien Shan, a late Paleozoic volcano-plutonic arc with older thrust slices; and (3) the southern Tien Shan, an intensely deformed fold and thrust belt. The northern Tien Shan consists of rocks representing the Caledonian Early-Middle Ordovician magmatic arc and its Precambrian basement. During the late Paleozoic, the northern Tien Shan was covered by continental red-bed sediments and was uplifted relative to the middle Tien Shan. The middle Tien Shan is represented by the middle-Late Carboniferous Beltau-Kurama volcano-plutonic arc developed on Precambrian basement and including numerous carbonate platforms. In eastern Kyrgyzstan the middle Tien Shan thins out and does not continue farther east into China. The boundary between the northern and middle Tien Shan is represented by the so called "Nikolaev line," a rejuvenated Caledonian suture. The southern Tien Shan comprises fore-arc accretionary complexes together with continental slope sediments of the Karakum-Tarim continent. The middle and southern Tien Shan terranes are separated by a suture zone defined by ophiolites. This southern Tien Shan suture formed as a result of middle-Late Carboniferous collision between the Kazakhstan and Karakum-Tarim continents and final closure of the Paleo-Turkestan ocean, followed by uplift and deposition of thick Lower Permian molasse. The three terranes include numerous tectonic slices made up of backand fore-arc sedimentary piles varying in age from Late Proterozoic to Early Carboniferous.
The Hercynian Tien Shan belt was redeformed in the course of Cenozoic continental collision between India and Asia. A dominant feature of the present-day Tien Shan geology is a number of major east-west-striking transcrustal shear zones that divide the Tien Shan into a series of tectonic blocks. These shear zones are oblique or parallel to the Hercynian suture pattern and control the postcollisional magmatism and most of the gold deposits. Yakubchuk et al. (2002) .
Hercynian orogeny and granite magmatism
The published ages of the Hercynian magmatic rocks in the Tien Shan are mostly based on K-Ar and Rb-Sr isotope systems that are rather sensitive to postmagmatic processes. However, two magmatic pulses are clearly distinguished in the literature (Biske, 1995; Solomovich and Trifonov, 2002) , i.e., subduction-controlled calc-alkaline magmatism at 320 to 300 Ma and postcollisional more alkaline magmatism at 300 to 280 Ma.
The 320 to 300 Ma-old-thick volcanic units of the BeltauKurama volcano-plutonic belt in the middle Tien Shan (Fig.  1) formed either on the southern continental margin of PaleoKazakhstan or as an ensialic volcanic arc that was later accreted to the continent. Deformed calc-alkaline intrusions of the eastern Tien Shan, situated along the southern Tien Shan suture, also belong to this magmatic suite. The calc-alkaline magmatism indicates active subduction and predates the closure of the Paleo-Turkestan ocean.
In contrast to the Carboniferous calc-alkaline intrusions spatially associated with the east-west-striking volcanic belts, the Lower Permian postcollisional magmatism that culminated between 300 and 280 Ma affected the whole region across-terrane boundaries. The postcollisional granitoid magmatism developed toward more alkaline composition and is associated with silica-undersaturated alkaline rocks (Konopelko and Biske, 1996; Solomovich and Trifonov, 2002) .
Metallogenic relationships
The two Hercynian magmatic pulses have different metallogenic affinities (Jenchuraeva, 1997) . The 320 to 300 Ma calc-alkaline magmatism was associated with base and precious metal deposits of skarn, porphyry, and orogenic to epithermal styles. The 320 to 280 Ma postcollisional magmatism was accompanied by the major gold deposits of mesothermal and/or orogenic style, as well as by Sn-Be, REE-Nb-Ta-Zr, U, and minor W deposits of skarn and greisen type.
Orogenic gold deposits Groves et al., 1998) occur predominantly south of the southern Tien Shan suture or in its immediate vicinity to the north. Low sulfide quartz vein stockworks are the most abundant deposit types. Some deposits are associated with (Muruntau, Jilau) or are hosted by (Zharmitan) postcollisional intrusions. In other cases (Amantaitau, Daugyztau, Kokpatas), no intrusive bodies are known in the immediate vicinity of the deposit (Shatov et al., 2001) . However, in all cases the deposits are related to major transcrustal shear zones.
Local Geology and Sampling
The study region (Figs. 1-2 ) is in the remote and relatively underexplored part of the eastern Tien Shan. Samples were collected from a section of the middle Tien Shan, including the Kumtor gold deposit, where the whole terrane is just 20 km wide and also includes a section of the southern Tien Shan with several postcollisional granite intrusions hosting tin and minor gold deposits (Fig. 2) . The core of the middle Tien Shan fold and thrust belt comprises Proterozoic basement, whereas its northwest and southeast margins comprise Neoproterozoic and Paleozoic sedimentary and volcanic rocks.
Ar-Ar dating of sericite was considered to be the most suitable method to establish the age of ore formation, according to the style of mineralization and the mineral assemblage of the deposit (Ivanov et al., 2000) . The U-Pb zircon method was used to date the Djangart intrusion.
Kumtor deposit
The Kumtor gold deposit is located in the eastern part of the middle Tien Shan in Kyrgyzstan at 41 o 51' N and 78 o 14' E (Fig. 2) . The deposit was discovered in 1978 and open-pit mining with benches at 3,800 to 4,400 m a.s.l. commenced in 1996. Current gold production is about 20 tonnes (t)/yr. Figure 3 shows the generalized geologic map of the Kumtor gold field. The map is reproduced from Jenchuraeva et al. (2001) and was compiled before the glacier in the central part was removed during the extension of the open pit. The limit of the present-day open pit is shown in the map.
The deposit is hosted in Vendian (Late Proterozoic) metasedimentary rocks in the immediate hanging wall of the southwest-northeast-trending moderately southeast dipping Kumtor fault zone (Fig. 3) . The Kumtor fault zone is a possible splay off the Nikolaev line, which separates the northern and middle Tien Shan (Fig. 2 ) and juxtaposes blocks of Paleozoic, Vendian, and Riphean rocks (Ansdell et al., 1999) . In the vicinity of the deposit Cambro-Ordovician limestones in the footwall of the fault are juxtaposed against Vendian metasedimentary rocks.
The gold mineralization is hosted in low-grade metasedimentary rocks of the Dzhetymtau Formation. The 800-to 900-m-thick sequence consists of two units. The lower unit comprises dark gray and black carbonaceous phyllites. Layers with carbonaceous chert and abundant disseminated pyrite are common. The upper unit consists of foliated diamictite (tillite-like conglomerates; Fig. 3 ).
The gold mineralization is controlled by a series of mineralized thrusts striking northeast and dipping 40°to 70°south-east. In plan view the mineralized zone has a wishbone shape with more than a 1.5-km length and a 0.1-to 0.4-km width. It 0361-0128/98/000/000-00 $6.00 (2000), Konopelko et al. (2003) , and this study.
extends to a depth of 1,000 m. Three ore zones are distinguished-southern, northern and stockwork (Fig. 3) . The stockwork zone contains more than half of the gold reserve of the deposit and has a gold grade of 5.2 g/t (2.0 g/t cut-off) and 6.0 g/t (1.5 g/t cut-off). The ore consists of pyrite-K-feldsparcarbonate altered phyllite. The southern and northern zones are richest near the stockwork zone and pinch out both laterally and at depth. The average gold grade is 3 to 4 g/t in the southern zone and 2.0 to 3.5 g/t in the northern zone. The ore consists of pyrite-K-feldspar-carbonate altered phyllite, similar to the stockwork zone, but with albite dominant over Kfeldspar in the northern zone.
According to Ivanov et al. (2000) gold mineralization occurred in four stages. Stage 1 is represented by weakly auriferous (<1.2 g/t Au) pervasive quartz-carbonate-albite-chloritesericite-pyrite alteration with minor veinlets. Stage 2 is characterized by intensive veining, stockwork, and hydrothermal breccia formation, with a mineral assemblage comprising variable amounts of carbonates (dolomite, ankerite, siderite), quartz, pyrite, K-feldspar, sericite, and chlorite. Chalcopyrite, hematite, barite, and strontianite are minor minerals (<10 vol %), and magnetite, scheelite, ferberite, rutile, cassiterite, sphalerite, galena, native gold, calaverite, petzite, sylvanite, altaite, melonite, and tetrahedrite are accessory minerals. The characteristic mineral of stage 2 is potassium feldspar. Stage 3 has similar vein, stockwork, hydrothermal breccia mineralization and associated pervasive alteration; however, the mineral assemblage is dominated by carbonates and pyrite, and K-feldspar is lacking. Other minerals in stage 3 include albite, quartz, sericite, chlorite, chalcopyrite, barite, and hematite. Accessory minerals are scheelite, rutile, Au-Ag tellurides, and native gold. Carbonate-pyrite rocks of stage 4 crosscut previously formed stockwork and hydrothermal breccias and form elongated bodies associated with zones of intensive deformation of previously altered phyllites.
Gold is always intimately associated with pyrite as inclusions, on grain boundaries, and in fractures, and has an average grain size of 9 µm. Gold grade commonly correlates with pyrite content. The gold fineness is 920 to 960 (Ivanov et al., 2000) .
Exposures of igneous rocks in the Kumtor gold field are very minor and consist of two dikelike granite bodies of about 10-× 100-m size intruding Riphean rocks in the hanging wall of the Kumtor fault zone. Two undeformed granodiorite intrusions of Hercynian age (Abeleira et al., 2000) are situated close to the deposit in the northern Tien Shan along the Nikolaev line (Fig. 2) . Gravimetric data point to a hidden granite intrusion 5 km northwest of the deposit at a depth of 3 km (Seltmann and Jenchuraeva, 2001) .
Twenty samples were collected from the open pit at an elevation of 3,800 m a.s.l. for detailed petrography. The ore samples display multiple brecciation with early carbonate-Kfeldspar-pyrite (reddish color) and later quartz-carbonatepyrite, carbonate-pyrite, and quartz veinlets. The veinlets are in dark gray sericite-quartz or carbon-rich sericite rocks. The light gray sericite-quartz rocks occur in a halo surrounding the orebodies. We chose two samples about 100 m apart for Ar-Ar dating (Fig. 3) . Sample JS-6 is ore with a grade of 15 g/t Au, which probably formed during stage 3. This sample contains abundant pyrite-rich ore veinlets enclosing carbon-rich sericite rock. Sample JS-5 is sericite-quartz altered rock with 0.5 g/t Au (stage 1). This sample contains 70 to 80 percent sericite, 20 to 30 percent very fine grained quartz, and some opaque minerals.
Granitic intrusions
Several granitic intrusions, 50 to 100 km east-southeast of the Kumtor deposit (Fig. 2) , belong to a suite of about 25 granitic plutons developed south of the southern Tien Shan suture in eastern Kyrgyzstan. The intrusions are posttectonic and cut folded Late Carboniferous to Lower Permian sedimentary rocks of the passive margin of the Tarim paleocontinent (Konopelko and Biske, 1996; Solomovich and Trifonov, 2002; Konopelko et al., 2003) . The intrusions are subdivided into two groups. The first group consists of hornblende granite with an early quartz monzonite phase and forms the Djangart and Akshiyrak plutons (Fig. 2) . Two minor mesothermal gold-arsenopyrite vein-stockwork gold deposits, Djangart and Perevel'noye, occur along the contact of the Djangart intrusion and were considered as intrusion-related by the local exploration team. The second group of intrusions consists of biotite leucogranite and forms several plutons and a number of smaller intrusions. Highly evolved topaz-bearing varieties are associated with greisenhosted tin deposits. Geochemically, all rock types are A-type granites and plot in the field of within-plate granite in a variety of discrimination diagrams. The leucogranites formed at ca. 280 Ma, whereas low-resolution K-Ar and Rb-Sr data for the Djangart hornblende granite defined a slightly older age (Konopelko and Biske, 1996) . Because of its presumably older age compared to the other postcollisional intrusions of the area and the genetic link to gold mineralization, the granite of the Djangart intrusion was chosen for U-Pb geochronology in the course of this study. Sample 209202 comprises a coarse-grained biotite-hornblende granite with ovoid alkali feldspar megacrysts mantled by plagioclase (rapakivi texture).
Analytical Methods and Procedures
The 40 Ar/ 39 Ar data were obtained for whole-rock samples from the Kumtor gold deposit and their sericite fractions at the Institute of Geology, Chinese Academy of Geological Sciences, Beijing. Zircons from the Djangart granite were analyzed for their U-Th-Pb isotopes by secondary ion mass spectroscopy at the Swedish Museum of Natural History, Stockholm.
Analytical procedures for Ar-Ar isotope study
Two samples from subeconomic carbon-rich quartz-sericite rock (JS-5) and carbon-rich quartz-sericite rock with pyritequartz-carbonate veinlets (JS-6) were analyzed. We analyzed both the bulk rock and sericite mineral separates from the same samples. All samples were crushed (0.08-0.15 mm) and purified by a magnetic separator and then cleaned by ultrasonic treatment under ethanol. The purity of the mineral separates is more than 99 percent, checked under the microscope. Samples were wrapped by aluminum foil and loaded into an aluminum tube, together with 2 or 3 monitor samples. The tubes were sealed into a quartz bottle (40 mm high and 50 mm in diam). The bottle was irradiated for 51 h 46 min in a nuclear reactor (The Swimming Pool Reactor, Chinese Institute of Atomic Energy, Beijing). The reactor delivers a neutron flux of ~6.4 × 10 12 n⋅cm -2 s -1 ; the integrated neutron flux was about 1.21 × 10 18 n⋅cm -2 . After irradiation, the samples and monitors were removed from the quartz bottle and then loaded into the vacuum extraction system at the Isotope Laboratory at the Institute of Geology, Chinese Academy of Geological Sciences. The samples were baked for 48 h at 120°t o 150°C. The Ar extraction system comprises an electronbombardment furnace in which the samples are heated under vacuum. A thermocouple was used to monitor and automatically control the temperature of the furnace within a few degrees. The released gases are passed through a purification system that uses a U tube cooled with a mixture of acetone and dry ice, a titanium sublimation pump at 38A filament current, and a titanium sponge furnace at 800°C, followed by two Sorb-AC pumps at room temperature. The heating-extraction step for each temperature increment was 30 min, with 30 min for purification. The purified argon was trapped on an activated charcoal finger at liquid-nitrogen temperature and then released into an MM-1200B mass spectrometer for Ar isotope analysis.
The measured isotopic ratios were corrected for mass discrimination, atmospheric Ar contamination, blanks, and irradiation-induced mass interference. The correction factors of interfering isotopes produced during irradiation were determined by analysis of irradiated pure K 2 SO 4 (Steiger and Jäger, 1977) . All 37 Ar abundances were corrected for radiogenic decay (half-life of 35.1 d). The errors are given as 1σ. The monitor used in this work was the internal standard Fangshan biotite (ZBH-25), with an age of 132.7 ± 1.2 Ma and potassium content of 7.579 ± 0.030 wt percent (Wang, 1983) .
Analytical procedures for U-Pb zircon chronology
Selected zircon grains were handpicked from the heavy mineral separates, mounted in an epoxy resin disk, together with zircons used as a standard and polished to reveal zircon interiors. Prior to analysis, the zircons were investigated in transmitted and reflected light and under a Philips scanning electron microscope equipped with cathodoluminescence and backscattered electron detectors at the Department of Geosciences, Stockholm University (Fig. 4) . U-Th-Pb isotope analyses were performed on a high-mass resolution, high-sensitivity Cameca IMS 1270 ion microprobe (Nordsim facility). The analyzed spots were about 30 µm wide. Details of the analytical procedure and data reduction are given in Whitehouse et al. (1997 Whitehouse et al. ( , 1999 and Zeck and Whitehouse (1999) . The calibration of the raw data was based on the analyses of the Geostandards zircon 91500 with an accepted age of 1065 Ma (Wiedenbeck et al., 1995) . Age calculations were made using the Isoplot/Ex v. 2.05 program (Ludwig, 1999) .
Results
Ar-Ar geochronology of the Kumtor gold mineralization
The results of the isotope analyses are listed in Table 1 and plotted against the cumulative released 39 Ar fraction to establish the age spectra (Fig. 5) . Data uncertainties in the figures and in the text are given as 2σ.
Bulk-rock sample JS-5 yielded a plateau age of 285.5 ± 1.2 Ma. The sericite concentrate from sample JS-5 produced a plateau age of 284.3 ± 3.0 Ma. The ore sample JS-6 yielded a plateau age of 288.4 ± 0.6 Ma, and its sericite concentrate gave a 285.4 ± 0.2 Ma plateau age. The plateau ages for all samples thus lie within the age range of 284 to 288 Ma.
U-Pb zircon ages of the postcollisional Djangart granite
Zircons from the Djangart granite are transparent prismatic elongate grains with distinct facets up to 300 µm long with length and/or width ratios around 3. They are homogeneous in transmitted light and show only slight magmatic zonation in backscattered electron and cathodoluminescence images. Backscattered electron images of selected zircon crystals from the Djangart intrusion are shown in Figure 4 . From eight crystals, 11 spots were analyzed. The U-Pb data are presented in Table 2 and plotted as 2σ error ellipses in Figure 6 . The data yield a consistent cluster in or near the concordia.
Analyses of zircons form the Djangart pluton yield a weighted mean 206 Pb/ 238 U age of 294.7 ± 4.2 Ma (n = 11, MSWD = 0.32). If three slightly discordant analyses are excluded from the calculation, eight analyses yield a concordia age of 296.7 ± 4.2 Ma (MSWD = 0.69). Because all analyzed zircons are magmatic zircons without inherited cores, the age of 296.7 ± 4.2 Ma is considered to be the crystallization age.
Discussion
Timing of gold mineralization
Our study provides the first precise age data on the Kumtor gold mineralization and supplements the radiometric data on granite magmatism in the Tien Shan. The Table 2. ages for altered bulk-rock ore samples and their sericite fractions range from 284 to 288 Ma. The sericite ages for altered bulk-rock and ore samples overlap within 285 ± 1 Ma, which is also the age of stage I quartz-sericite alteration recorded in the subore bulk-rock sample. The slightly older age of 288 Ma of the bulk-rock ore sample could possibly be attributed to an older argon component from the country rock in this sample.
The age data on the Kumtor gold deposit agree with the age information on other gold deposits in the southern Tien Shan. Early K-Ar and Rb-Sr ages for gold mineralization in several major deposits span 300 to 260 Ma (Yakubchuk et al., 2002 , and references therein). However, the more recent studies on the Muruntau deposit demonstrate at least three stages of mineralization and metasomatism. An Sm-Nd Ar (%) isotope study by Kempe et al. (2001) defined two periods of gold mineralization at Muruntau, i.e., an Sm-Nd isochron age of 352 ± 22 Ma for early scheelite from deformed flat quartz veins and a younger Sm-Nd isochron age of 279 ± 18 Ma for scheelite in steeply dipping high-grade gold veins. The ca. 280 Ma age of mineralization matches the Rb-Sr ages obtained for gold mineralization at Muruntau (271-277 Ma; Kempe et al., 2001 , and references therein) and for granitic intrusions of the Muruntau gold field (274-287 Ma; Kostitsyn, 1996) . Thus, a ca. 280 Ma age probably defines the main stage of the ore formation at Muruntau (Kostitsyn, 1996; Kempe et al., 2001) . Significantly younger 40 Ar/ 39 Ar isotope ages of 220 to 245 Ma for sericite selvages from auriferous quartz veins, reported by Wilde et al. (2001) , have a relatively large scatter and may reflect the latest thermal and/or metasomatic event also reported in earlier Rb-Sr and K-Ar studies (Kostitsyn, 1996) . An altered feldspar porphyry dike from the Muruntau open pit that yielded a concordant U-Pb zircon age of 236 Ma (A. Nemchin, unpub. data) may also reflect such Early-Middle Triassic tectonomagmatic activity.
A protracted thermal history is also indicated for the Kumtor area by the 268 ± 1 Ma U-Pb age on granite (Abeleira et al., 2000) . However, the new Ar-Ar ages obtained for the Kumtor gold deposit show very little scatter and define a narrow time window for gold mineralization within the age range of the main phase of gold mineralization in the Muruntau gold deposit.
Link between gold mineralization and postcollisional magmatism
Postcollisional granite magmatism with ages younger than 300 Ma has been recognized in a number of previous studies in the southern Tien Shan (Kudrin et al., 1990; Biske, 1995; Konopelko and Biske 1996; Jenchuraeva, 1997; Solomovich and Trifonov, 2002; Konopelko et al., 2003) . These granites are situated in the southern Tien Shan, whereas the Kumtor gold deposit is in the middle Tien Shan (Figs. 1-2) . However, the postcollisional character of the granites and their geographic distribution indicate a regional magmatic pulse independent of terrane boundaries. U-Pb ages of ca. 280 Ma have been reported by Konopelko et al. (2003) for three postcollisional intrusions in the southern Tien Shan, including the Uchkoshkon biotite leucogranite with an age of 279 ± 8 Ma, and Abeleira et al. (2000) reported U-Pb zircon ages of 280 ± 9 and 268 ± 1 Ma for two undeformed Hercynian granodiorite intrusions in the northern Tien Shan adjacent to the Kumtor gold field (Fig. 2) . These data, although still sparse, emphasize the cross-terrane nature of the postcollisonal granite magmatism. The age of 296 ± 4 Ma, obtained here for the Djangart intrusion, characterizes a separate slightly earlier Ar/ postcollisional magmatic pulse that also applies to the petrographically similar Akshiyrak pluton (Fig. 2) . This older pulse of regional postcollisional magmatism has a direct genetic link to minor gold-arsenopyrite mineralization. The age of 268 Ma (Abeleira et al., 2000) may represent a poorly defined younger magmatic episode, similar to the magmatic evolution of the Muruntau area.
The granite ages of 296 and 280 Ma bracket the age span of the Kumtor gold mineralization (288-284 Ma). The age relationships for the Muruntau gold field and granite intrusions in the western Tien Shan are very similar. This time span probably indicates an important stage of the postcollisional evolution of the Tien Shan fold with thermal activity, metamorphism, magmatism, and regional fluid flow.
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